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Project Overview 

Venkat Srinivasan PI (Argonne National Laboratory) and Samuel Gillard (Department of Energy) 

 

DOE-EERE has identified fast charge as a critical challenge in ensuring mass adoption of electric vehicles 

with a goal of 15-min recharge time. Present-day high energy cells with graphite anodes and transition metal 

cathodes in a liquid electrolyte are unable to achieve this without negatively affecting battery performance. 

There are numerous challenges that limit such extreme fast charging at the cell level, including Li plating, 

rapid temperature rise, and possible particle cracking. This project aims to gain an understanding of the main 

limitations during fast charge using a combined approach involving cell builds, testing under various 

conditions, characterization, and continuum-scale mathematical modeling. Expertise from five National Labs 

is utilized to make progress in the project. 

 

Cells are built at the Cell Analysis, Modeling, and Prototyping (CAMP) facility at Argonne National 

Laboratory (ANL) using various carbons and different cell designs, in both half-cell and full-cell 

configurations and with reference electrodes. Cells are tested at both Idaho National Laboratory (INL) and 

ANL under various operating conditions (e.g., C-rate, temperature) and under different charging protocols with 

the aim of identifying the onset of plating, quantifying the extent of the problem, and determining parameters 

and test data for mathematical models. After testing, cells are opened, and various advanced characterizations 

performed at ANL to determine the extent of plating and to determine if other failure models, such as particle 

cracking, also play a role. 

 

A critical part of the project is the use of continuum-scale mathematical models to understand the limitations at 

high charge rates and, therefore, suggest possible solutions that can be pursued. Both macro-scale approaches 

and microstructure-based simulations are pursued and serve to complement each other. Macromodeling at 

National Renewable Energy Laboratory (NREL) is used to test cell designs, accompanied by microstructure 

models to provide deeper insights into the electrochemical phenomena in the battery. This is complemented 

with development of models incorporating of new physics, such as phase change and solid-electrolyte 

interphase growth, at ANL. 

 

Two exploratory projects aim to study ways to detect Li in situ during operation. NREL is pursuing the use of 

microcalorimetry to detect heat signatures during plating. INL is working with Princeton University to 

examine the use of acoustic methods to determine if plating leads to a signature in the acoustic signal. 

 

Finally, SLAC National Acceleratory Laboratory is using synchrotron X-ray methods to guide cell design and 

charging protocols of extreme fast-charging Li -ion battery cells, and Lawrence Berkeley National Laboratory 

(LBNL) is investigating the initial onset of Li plating during fast charging and developing a strategy to detect 

it. 
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XCEL R&D: CAMP, Testing, Post-test Characterization, and Modeling 

(Argonne National Laboratory) 

Contributors: Alison Dunlop, Andrew Jansen, Dave Kim, Bryant Polzin, and Steve Trask (Argonne) 

Project Introduction 

 

The Cell Analysis, Modeling, and Prototyping (CAMP) Facility continues to support the XCEL Programôs 

objective of identifying and mitigating causes of lithium plating at fast charge (>4C) in single-layer pouch 

cells. Efforts in FY18 demonstrated that the choice in graphite did not significantly affect the ability to cycle 

under fast charge conditions (6C charge, C/2 discharge). All six of the selected graphites were able to achieve 

750 cycles with 80% capacity retention in tests using a 2 mAh/cm2 graphite loading. A decision was made to 

use SLC1506T graphite from Superior Graphite as the baseline graphite material, and NMC532 as the baseline 

cathode material. Over 70 single-sided single-layer pouch cells were fabricated in the Round 1 cell build using 

a 2 mAh/cm2 graphite loading. These cells were delivered to lab partners (INL, Argonne, and NREL) for fast 

charge testing with a nominal capacity of 19 mAh capacity. Prescreening of anode-cathode pairs with varying 

electrode capacity loading indicated that loadings over ~2.5 mAh/cm2 were not able to charge at a true 6C rate. 

Thus, the next pouch cell build was designed with a graphite loading of 3.0 mAh/cm2. A total of 48 of these 

Round 2 pouch cells were delivered to Argonne, INL, and NREL for testing. These two cell builds are now 

considered the baselines for the XCEL Program. 

 

Objectives 

 

The goal of the FY19 work is to explore methods of preventing lithium plating via modifications of the 

electrode architecture. Ideally, the negative and positive electrodes should have low tortuosity to enable fast 

lithium ion transport to and from the active material closest to the current collector, while retaining low 

porosity to maintain high energy density. In addition, the CAMP Facility will support the DOE-EERE-VTO 

FOA and Lab Call projects and teams that are focused on developing methods of detecting lithium plating.  

 

Approach 

 

In FY18, the CAMP Facility developed two single-layer pouch cells to benchmark the fast charge capabilities 

of a typical lithium-ion battery, with the main difference between the cells being electrode loading. These two 

electrode/cell designs will be used as the baseline designs for this program in FY19. The details of the two cell 

designs are as follows: 

 

Round 1 Pouch Cells were assembled with 14.1 cm2 single-sided cathodes (0.145 g of NMC532 per pouch 

cell) and 14.9 cm2 single-sided graphite anodes (SLC1506T from Superior Graphite) using a Celgard 2320 

separator (20 µm, PP/PE/PP). The electrolyte (Gen2) was 0.5 mL of Tomiyama 1.2 M LiPF6 in ethylene 

carbonate (EC):ethyl methyl carbonate (EMC) (3:7 wt%). The negative-to-positive (N/P) ratio was 1.12 to 1.22 

for this voltage window (3.0 to 4.1 V). After assembly, the pouch cells underwent formation cycles at ~4 psi in 

the 3.0 to 4.1 V window as follows: 1.5 V tap charge and hold for 15 minutes, followed by a 12-hour rest, and 

then 3 cycles at C/10, followed by 3 cycles at C/2. The cells were then brought to a safe state of charge by 

constant voltage charging to 3.5 V for 6 hours, and then degassed and prepared for shipping/delivery to the 

battery test labs. A nominal C/3 capacity of 19 mAh was recommend for future tests. 

 

Round 2 Pouch Cells were assembled with 14.1 cm2 single-sided cathodes (0.236 g of NMC532 per pouch 

cell) and 14.9 cm2 single-sided graphite anodes (SLC1506T from Superior Graphite) using Celgard 2320 

separator (20 µm, PP/PE/PP). The Gen2 electrolyte consisted of 0.615 mL of Tomiyama 1.2 M LiPF6 in 
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EC:EMC (3:7 wt%) for an electrolyte-to-pore volume factor of 4.20. The N/P ratio was 1.07 to 1.16 for this 

voltage window (3.0 to 4.1 V). Figure 1 details the electrode composition and design parameters for the Round 

2 electrodes. The formation process was the same as in Round 1 cells. A nominal C/2 capacity of 32 mAh was 

recommended for future tests. 

 

 

Figure 1. Electrode composition and design parameters for Round 2-Batch 1 pouch cell design. Round 1 electrodes had the 

same composition but less mass loading (and thickness). 

 

Results 

 

Fabricate Pouch Cells of Varying Anode Porosity 

 

The effect of anode porosity on lithium plating is of key interest to XCEL. In this study, the cathode porosity 

and the electrolyte-to-pore volume ratio are unchanged so that all effects seen can be attributed to the anode 

porosity. The CAMP Facility has fabricated three Round 2 anodes with a common electrode coating having 

porosities of 22%, 35%, and 49% (uncalendered). The electrode thicknesses were remeasured before cell 

assembly to check for binder relaxation after calendering. The final porosities were 26, 36, and 47%. The 

single-layer pouch cells (xx3450 format) were filled with the calculated amount of electrolyte based on total 

pore volumes of the electrodes and the separator. The formation process consisted of a 15-minute tap charge 

(limited to 1.5 V), followed by a 12 hour rest, then 3 cycles at C/10 and 3 cycles at C/2 in the 3.0 to 4.1 V 

window, followed by a charge to ~15 % state of charge (SOC), which is a safe state for shipping. INL received 

4 cells of each porosity, NREL received 2 cells of each porosity, and Argonne received 12 cells of low porosity 

(26%) and 12 cells of the high porosity (47%). These activities are summarized in Figure 2. As can be seen 

from the formation cycling data in Figure 2, the low porosity cells had higher cell-to-cell variation and lower 

first-cycle capacity. This may be due to poorer wetting conditions at this low porosity. A photo of the pouch 

cells delivered to INL is shown in Figure 3. 

 

  

Cathode: LN3107-189-3 
90 wt% Toda NMC532 
5 wt% Timcal C45 
5 wt% Solvay 5130 PVDF 
 

Matched for 4.1V full cell cycling 
Prod:NCM-04ST, Lot#:7720301 
Single-sided coating, CFF-B36 cathode 

Al Foil Thickness: 20 µm 
Al Foil Loading: 5.39 mg/cm2 
Total Electrode Thickness: 91 µm 
Coating Thickness: 71 µm 
Porosity: 35.4 % 
Total Coating Loading: 18.63 mg/cm2 
Total Coating Density: 2.62 g/cm3 
 

Made by CAMP Facility 

Anode: LN3107-190-4A 
91.83 wt% Superior Graphite SLC1506T 
2 wt% Timcal C45 carbon  
6 wt%  Kureha 9300 PVDF Binder 
0.17 wt% Oxalic Acid 
 

Lot#: 573-824, received 03/11/2016 
Single-sided coating, CFF-B36 anode 

Cu Foil Thickness: 10 µm 
Total Electrode Thickness: 80 µm 
Total Coating Thickness: 70 µm 
Porosity: 34.5 % 
Total SS Coating Loading: 9.94 mg/cm2 
Total SS Coating Density: 1.42 g/cm3 
 

Made by CAMP Facility    
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Figure 2. Summary of the single-layer pouch cells with varying porosity that were fabricated by the CAMP Facility. Note the 

increasing amount of electrolyte to accommodate the extra pore volume in the anode. 

 

 

 

Figure 3. Photo of the single-layer pouch cells with varying porosity that were fabricated by the CAMP Facility and delivered 

to INL for testing in early March 2019. 

 

Fabricate More Round 2 Electrodes 

 

The growing demands for Round 2 electrodes had nearly depleted the CAMP Facilityôs supply of these 

electrodes. The CAMP Facility fabricated 50 more meters each of the Round 2 anode and cathode electrodes. 

These are termed Round 2 ï Batch 2 electrodes. The specifications for these Batch 2 electrodes are provided in 

Figure 4. A comparison of the formation cycles between Batch 1 and Batch 2 electrodes is provided in Table 1 

and Figure 5, which were tested in coin cells. 
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Figure 4. Specification of the Round 2-Batch 2 anode (left) and cathode (right). 

 

 

Table 1: Comparison of average formation data between Batch 1 and 2 for Round 2 anodes (top) and 

cathodes (bottom). 

 

Averaged Formation 

Data 

NMC532  

Loading 

(mg/cm2) 

1st Cycle C/10 

Charge 

(mAh/g*) 

1st Cycle 

Efficiency 

3rd Cycle  

C/10 Discharge 

(mAh/g*) 

Irreversible 

Capacity 

R2, Batch 1    (3 cells) 18.63 176 (4.545 mAh) 85% 155 (3.984 mAh) 12 % 

R2, Batch 2    (4 cells) 18.57 174 (4.478 mAh) 85% 152 (3.912 mAh) 13 % 

 

 

Averaged Formation 

Data 

SLC1506T 

Loading 

(mg/cm2) 

1st Cycle C/10 

Discharge 

(mAh/g) 

1st Cycle 

Efficiency 

4th Cycle  

C/10 Charge 

(mAh/g) 

Irreversible 

Capacity 

R2, Batch 1    (4 cells) 9.94 343 (5.662 mAh) 94% 329 (5.429 mAh) 4 % 

R2, Batch 2    (4 cells) 9.38 328 (5.073 mAh) 94% 317 (4.898 mAh) 3 % 
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Figure 5. Comparison of coin cell formation data between Batch 1 (red) and Batch 2 (blue) for Round 2 anodes (left) and 

cathodes (right). 

 

Support of Lithium Plating Detection Teams ï SLAC/Stanford University 

 

The CAMP Facility continued to support the lithium-plating detection activities at SLAC/Stanford University 

by fabricating more pouch cells in time for their beamtime experiments at Argonneôs Advanced Photon Source 

(APS) and Brookhaven National Laboratory (BNL). The CAMP Facility also worked closely with the SLAC 

team by shipping cells between Labs and cycling the cells under specified conditions between beamtime 

experiments at Argonne and BNL.  

 

A list of cells supplied to them in this quarter include: 

 

¶ 2 formed Round 2 pouch cells 

¶ 2 dry Round 2 pouch cells 

¶ 2 tap-charge-only Round 2 pouch cells 

¶ 2 empty sealed pouches 

 

Support of Lithium Dendrite Detection Team ï Stanford University 

 

Stanford University is developing a metallized separator to be used in a cell system that will detect the 

condition when a lithium dendrite from the anode reaches the center of the separator, which has a metallized 

film in the center. This cell system will require a third electrode tab to make electrical contact with the 

separator metallized inner layer. The CAMP Facility was able to design and fabricate a 3-tab pouch cell 

configuration using its available equipment. Photos of this cell system are shown in Figure 6. A total of 6 cells 

were fabricated with Round 2-Batch 2 anodes and cathodes that were sealed only at the tab side. These cells 

were delivered to Stanford. They will connect their separator system to the free nickel electrode tab, and seal 

with electrolyte.  
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Figure 6. Photos of a 3-tab pouch cell fabricated by the CAMP Facility for Stanford Universityõs development of a metallized-

separator to detect lithium dendrites. 

 

Support of Lithium Plating Detection Teams ï Argonne 
 

The CAMP Facility supported the lithium-plating detection activities at Argonne by fabricating, forming, and 

cycling a pouch cell with low N/P ratio. The low N/P ratio pouch cell consisted of pairing the Round 1 

negative electrode with the Round 2 positive electrode, which results in a N/P ratio between 0.64 and 0.77. 

This cell was designed with the idea to guarantee lithium plating within a few cycles. The cell is being tested at 

Argonneôs APS. 
 

Conclusions 

 

The CAMP Facility successfully fabricated single-layer pouch cells using anodes it made with varying 

porosity. These cells were formed and delivered to the XCEL teams (INL, NREL, and Argonne) for testing. As 

in the previous quarter, the CAMP Facility continued to support several fast charge teams this quarter by 

supplying requested powders, electrode sheets, and pouch cells. The supply of Round 2 electrodes was 

depleted in this quarter, which required the fabrication of another batch of electrodes (Round 2-Batch 2). Of 

particular note was the design and fabrication of pouch cells with a third metal tab electrode for the metallized-

separator development efforts at Stanford University. Many of the cell builds were fabricated ñjust-in-timeò for 

beamtime experiments at Argonneôs APS and at BNL. Technical data and electrochemical results were 

provided to all team members as needed to aid in their experiments and modeling efforts. 
 

Key Publications 

 

Tanvir Tanim, Eric Dufek, Michael Evans, Charles Dickerson, Andrew Jansen, Bryant Polzin, Alison Dunlop, 

Stephen Trask, Ryan Jackman, Ira bloom, Zhenzhen Yang, and Eungje Lee, ñExtreme Fast Charge Challenges 

for Lithium-ion Battery: Variability and Positive Electrode Issues,ò submitted to J. Electrochem. Soc.  
 

A.M. Colclasure, A.R. Dunlop, S.E. Trask, B.J. Polzin, A.N. Jansen, K. Smith, ñRequirements for Enabling 

Extreme Fast Charging of High Energy Density Li -Ion Cells while Avoiding Lithium Plating,ò J. Electrochem. 
Soc. 166 (8), A1412-A1424 (2019). 
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XCEL R&D: Extreme Fast Charging (National Renewable Energy Laboratory) 

Matthew Keyser, Kandler Smith, Shriram Santhanagopalan, Francois Usseglio-Viretta, Weijie Mai, 

and Andrew Colclasure (NREL) 

Background 

 

This report summarizes the NREL 2nd quarter FY19 work in four areas: 

 

1. Isothermal calorimetry: heat generation for different charge strategies 

2. Ranking of XFC strategies through electrochemical modeling 

3. Impact of particle size distribution and graded electrode architecture on lithium plating 

4. Electrode architecture optimization with secondary pore network (SPN) 

 

Present-day thermal management systems for battery electric vehicles are inadequate in limiting the maximum 

temperature rise of the battery during extreme fast charging. Incorrect thermal management designs for 

extreme fast charging conditions could result in cells reaching abuse temperatures and potentially sending the 

cells into thermal runaway. Furthermore, the cell and module designs need to be improved to meet the lifetime 

expectations of the consumer. NREL is using its suite of calorimeters to quantify the heat generation and 

efficiency changes related to fast charging algorithms, specific energy density, and cathode/anode 

configurations.  

 

Through electrochemical transport/reaction modeling at several different length scales, NREL is exploring how 

to best design electrodes for fast electrolyte transport and to minimize degradation and lithium plating. Macro-

scale models rank the relative benefits of how much charge batteries employing different design/thermal 

control strategies can accept at the 6C constant current rate. One of the compelling strategies is to introduce 

secondary pores into the electrode to provide fast channels for through-plane electrolyte transport. A 2D meso-

scale model explores this design space. Finally, microstructure models are being used to explore the role of 

different microstructures in suppressing the Li plating side reactions. 

 

Results  

 

Isothermal Calorimetry: Heat Generation for Different Charge Strategies 

 

ANLôs CAMP facility provided NREL with an approximately 400 mAh cell with the cathode consisting of 

Toda NMC 532 (90%), Timcal C-45 carbon black (5%), and Solvay 5130 PVDF binder (5%). The anode 

consisted of Hitachi MagE3 (91.83%), Timcal C-45 carbon black (5%), and Kureha 9300 PVDF binder (6%), 

with the remaining mass being oxalic acid. The single-sided thicknesses were 58 µm and 60 µm for the 

cathode and anode, respectively. The estimated capacity for the cathode was between 2.11 and 2.27 mAh/cm2, 

whereas the anode capacity was estimated to be between 2.68 and 2.73 mAh/cm2.  

 

The cells were cycled under the INL-developed fast charge profiles. The highest initial charge rate was 9C, and 

the lowest was 6.8C. INL developed various charge algorithms that incorporated step changes and rests in 

order to maximize the lifetime of the cells. NREL, on the other hand, focused on the heat generation and 

efficiency of the cell under each of these fast charge regimes. Figure 1 shows the current profiles for the six 

charge algorithms used in our calorimetry tests, whereas Table 1 shows the efficiency and heat generation rates 

for each of the profiles. The efficiencies were tightly clustered and ranged from a low of 89.01% to a high of 

91.97%. The efficiencies correlated to the amount of charge capacity returned to the cell during the time-

limited, 10-minute charge. As expected, the higher charge capacities resulted in lower efficiencies.  
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Figure 1. Fast charge algorithms used to assess heat generation and efficiency. 

 

 

Table 1: Efficiency and heat generation rates for six charge algorithms in Figure 1. 

Charge Algorithm 
RMS Current 

(A) 

Heat Efficiency 

(%) 

Heat Rate 

(W) 

Charge Capacity 

(mAh) 

6.8C CC/CV 1.81 89.30 0.74 284 

6.8C MS1 1.74 89.56 0.70 277 

6.8C MS2 2.07 89.40 0.80 316 

9C MS1 1.57 91.97 0.47 249 

9C MS2 2.16 89.01 0.85 314 

9C MS5 1.91 89.06 0.77 380 

 

NREL also performed a constant-current charge from a 9C to a 4C rate. The efficiency and heat generation 

data are shown in Figure 2 for constant-current charge and discharge. The efficiency at a 9C charge rate was 

approximately 89.3% but only returned about 10% of the cell before reaching the voltage limit at 4.1 V. For a 

4C charge rate, the efficiency was approximately 92.7%, with a little more than half of the capacity returned 

before hitting the maximum voltage limit.  
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Figure 2. Efficiency, heat rate, and capacity under various constant-current discharge and charge rates. 

 

Ranking of XFC Strategies through Electrochemical Modeling 

 

The macro-homogeneous model had been previously used to determine that sluggish electrolyte transport is a 

major limitation in the XFC capability of electric vehicle cells with high energy density. The model has been 

compared/updated with recent data for Round 2 (2.5 mAh/cm2) cells operating at elevated temperature of 40 

and 50°C for a standard pouch cell and a customized 3-electrode setup at ANL. The best fit for the pouch cell 

data was obtained with the activation energy for solid-state diffusivity and exchange current density for both 

electrodes set to 0 kJ/mol (properties not enhanced with temperature). A wide range of activation energies has 

been reported in the literature ranging from 0 to 70 kJ/mol. Electrolyte transport properties as a function of salt 

concentration and temperature are taken from INLôs Advanced Electrolyte Model for baseline Gen2 

electrolyte. Experiments are being planned with Daniel Abraham at ANL to more definitively measure the 

activation energies for Ds and i0 at high rates in his customized 3-electrode setup. This will provide better 

quantification of how much elevated temperature can enable XFC.  

 

The updated model was used to explore various strategies for enabling XFC at high loadings. Figure 3 

illustrates model projections for a loading of 3 mAh/cm2 at 4 and 6C, corresponding to electrodes 80-microns 

thick with 30% porosity. Figure 4 summarizes results for a loading of 4 mAh/cm2, corresponding to 

110-micron electrodes with 30% porosity. Increased porosity corresponds to 40% porous electrodes with 

increased thickness to attain the stated loading. Increased N/P ratio refers to cells with a N/P ratio of 1.4 and 

thicker anode instead of the baseline N/P value of 1.2. Increasing electrode porosity and N/P ratio are shown to 

not be an effective strategy for enabling XFC. Conversely, elevated temperature, improved electrolytes, and 

reduced tortuosity are shown to be effective. A hypothetical next-generation electrolyte was determined for 

each loading. At 3 mAh/cm2, the required electrolyte transport properties needed for XFC are 1.8X ionic 

conductivity, 3X diffusivity, and transference number increased by 0.05. Conversely, at 4 mAh/cm2, the next 

generation electrolyte has 2X ionic conductivity, 4X diffusivity, and transference number increased by 0.15. 

Results have been summarized and published in a recent journal article [1].  
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Figure 3. Model predictions for 4 and 6C charging for graphite/NMC cells with a loading of 3 mAh/cm2 and 30% electrode 

porosity. 

 

 

Figure 4. Model predictions for 4 and 6C charging for graphite/NMC cells with a loading of 4 mAh/cm2 and 30% electrode 

porosity. 

 

Electrode Architecture Optimization with Secondary Pore Network (SPN) 

 

An important factor hindering fast charging of lithium-ion batteries is the sluggish electrolyte transport due to 

the high tortuosity in porous cell components. Progress in manufacturing techniques, such as laser ablation and 

freeze casting, has allowed the fabrication of an electrode with an SPN that aims at reducing the overall 

electrodesô effective tortuosity to achieve fast charging. To optimize the design of the SPN, NREL has 

developed an analytical model of electrolyte diffusion. Figure 5 (left) shows a schematic of the analytical 

model. The channel penetrating the electrode can either be rectangular or cylindrical. To ensure a fair 

comparison, the porosity in the primary region is reduced when SPN is introduced, such that the overall 

electrode porosity remains unchanged. This indicates that while the through-plane diffusion is improved by 

SPN, the in-plane diffusion across the primary region is actually deteriorated due to the reduced porosity. 

Figure 5 (right) shows the optimized region width ratio (ύȾύ ) versus total porosity and slenderness ratio 

ύȾὒ) by enforcing equivalent characteristic diffusion times in in-plane and through-plane directions. A 

general trend is that a wider channel is preferred if the total porosity is high or the primary region is thin, for 

which cases the in-plane diffusion is not limiting and thus SPN effectively improves the overall electrolyte 

transport.  
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Figure 5. Left: Schematic of the rectangular and cylindrical secondary pore network (SPN). Right: Optimization results of the 

region width ratio (ύȾύ ) for rectangular and cylindrical channels by enforcing equivalent characteristic diffusion times in 

in-plane and through-plane directions. 

 

A 2D multiphysics model was also developed by NREL to characterize the overall effect of SPN on the fast 

charging capability of a battery. Figure 6 (left) shows the improvement of volumetric energy density when 

SPN is only implemented in the SLC1506T anode versus the slenderness ratio of the primary region ύȾὒ) 
and the volume fraction of SPN ύȾύ ύ ). While the optimal configuration improves the energy density 

by 24%, only 10% improvement is achievable when requiring ύ υ‘m for manufacturability. Figure 6 

(center) shows the variation of energy density versus electrode porosity with or without SPN. While SPN is 

very effective at low porosity, only a small portion of the improvement is achievable. Figure 6 (right) further 

incorporates the effect of cell loading and shows that the achievable improvement (normalized by the reference 

case) is highest when the cell has intermediate porosity and loading. Future work will focus on model 

validation and investigation of the effect of SPN on lithium plating. 

 

 

Figure 6. Left: Normalized volumetric energy density versus the slenderness ratio of the primary region ύȾὒ) and the 

volume fraction of SPN (ύȾύ ύ ) when SPN is only implemented in anode. Center: Variations of reference, optimal, 

and achievable (ύ ύ υ‘m) energy densities versus electrode porosity when SPN is implemented in both electrodes. 

Right: Variation of normalized achievable energy density versus electrode porosity and cell loading. 

 

Impact of Particle Size Distribution and Graded Electrode Architecture on Lithium Plating 

 

The NREL microstructure-scale electrochemical model has been used to quantify the impact of particle 

alignment, particle size heterogeneity, and various graded electrode architectures on lithium plating under fast 

charging. An in-house microstructure generation algorithm has been developed to provide quickly ñwhat ifò 

geometries to test, saving time and money needed otherwise to manufacture and image such candidate 

microstructures. The numerical generation algorithm is part of the microstructure analysis toolbox planned to 

be released open source by the end of this year. The aim of this study is to quantify the lithium plating due to 

particle heterogeneity, allowing definition of the uniformity requirements for the manufacturer and evaluation 

of how alternative architecture such as graded electrodes can be used to mitigate lithium plating. This study 
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will lead to design recommendations. Geometries have been compared with a reference microstructure (unisize 

ideal spherical particles with a uniform spatial distribution) at the same porosity and specific surface area. 

 

The model predicts formation of randomly oriented ellipsoid plates slightly earlier compared with spherical 

particles, while particle orientation can delay (long diameter aligned along the electrode thickness) or 

aggravate (long diameter normal to the electrode thickness) lithium plating significantly. Furthermore, not only 

particle orientation but also particle aspect ratio controls the tortuosity factor, which, in turn, controls lithium 

plating. A bimodal size distribution, while not modifying the tortuosity factor, triggers lithium plating slightly 

earlier compared with a unimodal size distribution, due to local variation of current density. Furthermore, 

plating heterogeneity is twice higher in the bimodal size distribution case. Table 2 summarizes the impact of 

particle heterogeneity on lithium plating. 

 

Differently graded geometries have been evaluated with regard to lithium plating (Figure 7). The model 

predicts that a variation limited only to the porosity is not sufficient to provide enough improvement. However, 

combining high porosity and small particle diameter near the separator delays significantly lithium plating (cf. 

high porosity/small diameter case of Figure 7). Indeed, high porosity enhances lithium transport while small 

particles means a higher specific surface area, which, in turn, decreases the local C-rate. This architectureôs 

benefit is most pronounced for electrolyte transport-limited design, while for the no-electrolyte-depletion 

scenario, plating occurs later in the charge, and graded electrodes are found less interesting. Additional 

calculations that include more design parameters of the graded architecture are required to arrive at an optimal 

design. Table 3 summarizes the graded electrode impact on lithium plating. 

 

 

Figure 7. Impact of 

graded architecture on 

lithium plating. Insets 

show the geometry 

mesh as well as a slice 

taken in the middle of 

the microstructure. 
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Table 2: Impact of anode particle heterogeneities on lithium plating (6C fast charge, half-cell, 72 ‘ά 
thick). 

Particle heterogeneity investigated 
Impact on Li plating 

Ⱡ Ȣ and similar tortuosity factor (~1.8) 

Bi-modal distribution particle size 
- At similar average particle size: plates later (Lix +0.12) 

- At similar specific surface area: Plates earlier (Lix -0.023) 

Non-spherical particles (ellipsoid 

with random orientation) 

- At similar average particle size: plates later (Lix +0.042) 

- At similar specific surface area: plates earlier (Lix -0.034) 

 

 

Table 3: Impact of graded anode architectures on lithium plating (6C fast charge, half-cell, 72 Ⱨ□ thick). 

Cases are ordered from worst (plates earlier) to best (plates later).  

Graded architecture investigated 

(from separator interface to current collector 

interface) 

Impact on Li plating 

Ⱡ Ȣ and similar average specific surface area 

High porosity/large diameter (HP/LD)  

Low porosity/small diameter1 
plates earlier (Lix -0.055) with larger tortuosity 

High porosity - low porosity (HP/bilayer)1 plates later (Lix +0.014) with larger tortuosity 

High porosity - low porosity (HP/linear)2 plates later (Lix +0.028) with similar tortuosity 

High porosity/small diameter (HP/SD) - 

Low porosity/larger diameter1 
plates later (Lix +0.072) with larger tortuosity 

1 Bi-layer (dual-coated) microstructure, with each layer sharing the same thickness.  

2 Continuous variation. 

 

Conclusions 

 

NREL measured the heat rate and efficiency of a 400 mAh cell provided by CAMP under various INL charge 

algorithms. The average efficiency of the cell under these conditions was approximately 90%; however, the 

cells tested did not meet the DOE specific energy goal. As we increase the energy density of the cells, the 

efficiency will decrease unless the current and ionic pathways are optimized. Electrochemical models were 

used to explore best strategies to achieve XFC. Elevated temperature, improved electrolytes, and reduced 

tortuosity are shown to be effective strategies for enabling XFC. Conversely, increasing electrode porosity and 

N/P ratio are shown to not be effective. A 2D meso-scale model was used to determine the optimal secondary 

pore channel arrangements. The optimal volume fraction of SPN depends on the total porosity and width of the 

primary region. Higher volume fraction is preferred when total porosity is high and the primary region is thin. 

For a given volume fraction of SPN, a narrower channel is always preferred in terms of improvement of energy 

density, and a secondary pore of ~5 um is taken as the optimal channel size considering manufacturability. The 

SPN is most effective for cells with intermediate loading (2.5-3 mAh/cm2) and electrode porosity (35%-45%), 

within which it can improve the cell energy density by more than 25%. 

 

A 3D microstructure model explored how graphite electrode particle size and morphology, as well as graded 

and dual-coated electrodes, either suppress or accelerate the onset of the undesired Li plating side reaction. The 

best single-coated electrode (delaying Li plating) is one with low tortuosity using spherical particles, high 

surface area, and homogeneous particle size rather than particles with a wide size distribution. The best dual-
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coated electrode configuration that was identified uses the following two coatings: (1) large particles and low 

porosity at the back of the electrode and (2) small particles and high porosity at the front of the electrode. This 

electrode delays Li plating by 7% anode state of charge compared to a single-coated electrode with the same 

surface area.  

 

Milestones and Deliverables 

 

NREL FY19Q2 Milestone to DOE, ñNREL Micro/Macro Calorimetry under Extreme Fast Charge 

Conditions,ò March 31, 2018. 

 

Publications 

 

[1] A.M. Colclasure, A.R. Dunlop, S.E. Trask, B.J. Polzin, A.N. Jansen, and K. Smith, ñRequirements for 

Enabling Extreme Fast Charging of High Energy Density Li-Ion Cells while Avoiding Lithium Plating,ò 

J. Electrochem. Soc. 166 (8), A1412-A1424 (2019). 
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XCEL R&D: Electrochemical, Atomistic, and Techno-Economic (BatPaC) 

(Argonne National Laboratory) 

Dennis Dees, Hakim Iddir, Juan Garcia, and Shabbir Ahmed (Argonne National Laboratory) 

Background 

 

Electrochemical modeling uses continuum-based transport equations combined with kinetic and 

thermodynamic expressions to allow the potential, concentration, and current distributions to be determined 

throughout the cell. The recent focus of the electrochemical modeling effort is to improve and better quantify 

diffusion and phase change in graphite active materials based on previous modeling efforts [1]. The previous 

model treats graphite active materials as multiple phases, also referred to as ñstagesò for graphite, where the 

well-known Avrami equation was introduced to describe the phase changes as a function of lithium 

concentration. Further, the model effectively correlated lithium diffusion and phase change during 

galvanostatic intermittent titration technique (GITT) studies. However, based on limited half-cell 

(i.e., graphite//lithium metal cell) data with a mesocarbon microbead (MCMB) graphite electrode, the model 

tended to underestimate the performance of the graphite at high current rates. Work in this program has 

identified that the diffusion coefficient increases significantly with applied current rate for all phases. 

 

In order to examine an increasing diffusion coefficient with charging rate, Li-C phases and Li diffusion in 

graphite are modeled at the atomic scale to characterize the structure of the starting material and its changes 

during fast charging. Further, bulk defects as well as surface and edge effects on Li diffusion will be 

investigated for select conditions.  

 

The Battery Performance and Cost model (BatPaC) was developed for lithium-ion battery packs used in 

automotive transportation. The model designs a battery for a specified power, energy, and type of vehicle 

battery. The cost of the designed battery is then calculated by accounting for every step in the lithium-ion 

battery manufacturing process. 

 

Results 

 

Electrochemical Modeling 

 

An initial focus of this program was to apply the existing phase change model to an extensive data set for a 

ConocoPhillips CGP-A12 graphite electrode. The data set included a half-cell GITT study and a micro-

reference electrode full cell (i.e., NMC532//A12 graphite) study over a range of C-rates and other diagnostic 

tests. This electrochemical modeling effort first established that the diffusion coefficient of lithium through 

graphite increases significantly with applied current rate. 

 

To confirm the early A12 graphite study results and to establish the parameter set for the Superior Graphite 

(SG) material used in our cells, a similar analysis was conducted. The diffusion coefficient was established 

from GITT SG graphite half-cell studies. The diffusion coefficient for the single phases of SG 1506T graphite 

varied from 0.6 to 4.3 x10-13 cm2/s, based on the graphite electrochemically active surface area being equal to 

the BET surface area. These values were similar to the diffusion coefficients for the A12 graphite. Figure 1 

shows the fit for the LiC32 single phase. The general quality of fit for current portion is better than the 

relaxation portion of the GITT studies. Introduction of a change in diffusion coefficient going from current to 

relaxation improves the fit (e.g., 4.3 to 2.0 x10-13 cm2/s). Also, introduction of a diffusion coefficient 

dependent on the lithium concentration gradient also improves the fit. However, the improved fit with these 

modifications is not consistent across all single phases, so a constant diffusion coefficient was adopted. The 

phase change rate constants were established by using the phase change model applied to the GITT SG half-
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cell studies. Again, the general quality of the fit , shown in Figure 2, for the current portion was better than that 

for the relaxation portion of GITT studies. The phase change rate constants obtained for SG 1506T was about 

half of the values obtained from A12 graphite studies. 

 

Figure 1. GITT data in LiC32 single phase of SG 1506T. 

 

 

Figure 2. GITT data in the LiC6-LiC12 two-phase region of SG 1506T. 

 

GITT data were also available on SG 20-micron particles (1520P), which primarily only varied in particle size 

from the 6-micron particles (1506T). The fit of the single-phase model applied to the GITT SG half-cell 

studies was similar for both graphites, as shown by comparing Figures 1 and 3. The diffusion coefficient for 

the 1520P LiC32 phase was 18.0 x10-13 cm2/s (compared with 4.3 x10-13 cm2/s for 1506T), based on graphite 

active surface area equal to the BET surface area. The BET surface area of 1520P was 0.9 m2/g (L = 

0.51 micron) and 1506T was 2 m2/g (L = 0.22 micron). It is interesting to note that while the diffusion 

coefficients are significantly different, the resulting time constants (L2/DS) are similar at 0.4 h and 0.3 h for 

1520T and 1506P, respectively. Differences in diffusion coefficients are greater than expected by the higher 

current density on the 1520P particles. 

 

As in the earlier studies, micro-reference electrode cell data were used to modify the model parameters for the 

graphite active materials at higher currents, which was crucial in establishing the adjusted parameters. Typical 

fits for the Hybrid Pulse Power Characterization (HPPC) and constant current data are shown in Figure 4. The 

diffusion coefficient for the single phases in Figure 4 was determined to be 9.0 x10-12 cm2/s, based on the 

graphite active surface area being equal to the BET surface area. Like the A12 results, the diffusion coefficient 

needed to be increased by about an order of magnitude. More interestingly, the GITT-determined phase change 

rate constants needed to be increased to be more in line with the GITT-determined A12 rate constants to fit the 

higher current data. 










































